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Abstract
We report the observation of proximity effect in measurements performed on
highly oriented pyrolitic graphite (HOPG) samples when electrical current is
injected through the superconducting electrodes placed on the sample surface
few millimeters apart from each other. Such anomalously large effect is surpris-
ing, as proximity-induced superconducting features in normal conductors hardly
surpass few micrometers. The obtained results can be consistently understood,
however, considering pre-existing superconducting correlations in graphite, sup-
ported by recent observations of the intrinsic global superconductivity in twisted
bi- and multi-layer graphenes.
1. Introduction
When superconducting (S) and normal (N) materials are brought together,
superconducting Cooper pairs from the S region drift into N. This is known
as the superconducting proximity effect (PE), which causes a region of N close
to the S-N interface to present superconductivity (SC). The effect occurs over
distances at the order of ξN , the normal coherence length in N. This distance
depends on the ratio between the superconducting coherence length in S (ξs)
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and the mean-free path of carriers in N (l). For the limiting cases l ≫ ξs and
l≪ ξs the clean and dirty limits , ξN assumes the form ξN = ~vf/2pikBT and
ξN =
√
~vF l/6pikBT , respectively, with vF the Fermi velocity in N [1].
Although usually confined to regions tenths or hundredths of nanometers
near the S-N interface, in some cases, the PE can occur over several thousand
times the length ξN . Such behavior is observed in selected S-N-S systems, and
is related mostly to the properties of the N material. In underdoped cuprates,
for example, such behavior has been tentatively attributed to the occurrence of
superconducting fluctuations above Tc [2, 3, 4]. In clean transition-edge sensors,
on the other hand, the survival of the PE over scales thousands of times higher
than ξN is thought to happen due to the presence of nonequilibrium super-
conductivity [5, 6]. In addition, geometrical quantization of superconducting
excitations in clean N materials can protect supercurrents over length scales
much above ξN (see, e.g. [7, 8]).
One possibility to obtain the PE over macroscopic scales, hence, is to study
the properties of S-N-S sandwiches with clean N materials possessing both
large ξN and indications of superconducting fluctuations. A promising can-
didate satisfying such conditions is graphite, which can be described as a quasi-
compensated layered semimetal. In this highly anisotropic material, ρa/ρc <
10−4, l . 10 µm and vF ≈ 10
6 m/s [9, 10, 11]. These values lead to large esti-
mated normal coherence lengths at low temperatures ξN (T = 4 K) = ~vF /2pikBT ≈
2 µm. In addition, indications of SC in this system are scattered across the liter-
ature. Among them, are the presence of switching features in magnetoresistance
akin to Josephson junction arrays embedded the material [12, 13, 14, 15], sig-
natures of a Bose-metal phase [16, 17] (also seen in Bi) and the existence of
superconducting-like magnetization hysteresis loops even at high temperatures
[17]. In addition, very recently, percolative (R = 0) superconductivity has been
measured in twisted bi- [18] and multi-layer [19] graphenes.
Given these indications, it is possible that the superconducting PE in graphite
can have a far longer reach than ξN ≈ 1 µm, possibly reaching macroscopic
scales. So far, however, no such signatures have been observed. Instead, most
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available reports on the literature focus on nanometer-sized devices [20, 21, 22,
23, 24]. Here, we studied the electrical transport characteristics of millimetric
samples outfitted with superconducting current-injection leads. Results revealed
signatures of a long-range PE in our devices, persisting above 700 µm (200−300
ξN ) from the superconducting electrodes - an unusually long distance in bulk
systems.
2. Samples and methods
2.1. Sample preparation
All our samples were extracted from a commercially-available highly ori-
ented pyrolytic graphite (HOPG) crystal with 0.3o mosaicity [25]. Its room-
temperature in-plane resistivity was, approximately, 5 µΩ.cm. The devices had
typical in-plane dimensions of 5 mm × 1 mm and thicknesses varying between
0.15 mm and 0.4 mm. All samples were contacted in a standard 4-probe con-
figuration for electrical transport measurements.
2.2. Control samples and the superconducting alloy
Control samples were characterized in the interval 2 K ≤ T ≤ 10 K with all
electrodes made of silver paste. Measurements revealed a smooth metallic-like
behavior, typical of well-graphitized HOPG [26, 27, 28]. Results are presented
in Fig. 1.
Subsequent samples were contacted as indicated in the cartoon of Fig. 1,
with two outermost electrodes composed of a superconductor (SC) and the re-
maining ones of silver paste. The distance between electrodes was approximately
0.7 mm to 1 mm. Micrographs of the samples are shown in the suppl. material.
We refer to their contacts by the numbers shown in Fig. 1.
In total, six samples were studied (labeled GS1 to GS6). The electrical
resistivity of our devices was probed with DC and low-frequency AC measure-
ments (up to f ≈ 5 Hz), which yielded the same results. Experiments were
simultaneously performed in two-and four- probe configurations. Two-probe
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measurements (2p) were achieved by applying current and measuring voltage
between superconducting electrodes 1 and 4. Experiments in the four-probe
configuration (4p) were performed by applying electrical current between (super-
conducting) contacts 1 and 4 and measuring the potential between the (normal)
probes 2 and 3.
The superconductor chosen for the current electrodes was an alloy of In/Pb
(50% in volume each) with critical temperature Tc ≈ 6.8 K and critical magnetic
field Bc < 1.8 T (see the suppl. material for details). The alloy was connected
to the edges of our samples with a soldering iron at 300o C. Thin copper wires
attached the sample to the instrumentation.
3. Results and discussion
The main result of the present work is illustrated in Fig. 1. In it, resistance
vs. temperature plots of the sample GS1 are shown. Measurements were carried
out prior and after connecting SC current-injection leads in the device. While
no anomaly was observed for a sample with only N electrodes, the injection of
electrical current through SC contacts induced a superconducting-like transition
in 4p measurements, even though voltage probes were distant ca. 0.7 mm - 1
mm from the SC contacts (two orders of magnitude above ξN ). Such behavior
was shared by all our devices.
The 4p feature was strongly sample dependent. It manifested either as a
sharp increase or decrease of the 4p resistance (R4p ≡ V4p/I, I the applied
current) below Tc, accounting for, at most, 5% of the sample resistance at the
center of the transition. Its general behavior was similar to the one observed in
2p measurements (R2p ≡ V2p/I), which is associated to the superconductivity
at the SC electrodes in series with graphite. The large distances between the
normal and superconducting electrodes in the 4p configuration, however, do not
allow for such interpretation. In what follows, we consider data showing a sharp
decrease in R4p(T < Tc). The discussion, however, can also be applied to cases
when a sharp increase manifests.
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Figure 1: Normalized four-probe R4p(T) curves for the control (pristine) graphite sample
(black curve) and for the device GS1 (red curve) at zero magnetic field. The normalization
factors were R4p(T = 2 K) = 3.66 mΩ for the control and R4p(T = 2 K) = 4.34 mΩ for GS1.
The inset shows a top-view sample schematic. Numbers 1−4 identify each electrode. The con-
trol sample was measured as indicated for GS1, but with all contacts of non-superconducting
silver paste.
Figure 2 shows the behavior of sample GS2 in the presence of magnetic fields
perpendicular to the sample c-axis (B⊥c) for the 2p and 4p configurations. This
field orientation was chosen to suppress the high orbital magnetoresistance of
graphite. Similar results were obtained for B//c (see the suppl. material). The
electrical current leads presented a contact resistance RC ≈ 12.5 mΩ at T = 2
K, while graphite (R2p − 2RC) had a resistance of approx. 32.3 mΩ. Two-
probe measurements revealed a clear superconducting transition with Tc ≈
6.8 K, accounting for 4% of the sample resistance at zero magnetic field. A
transition was also observed 4p measurements in the same temperature range,
albeit accounting for c.a. 1% of the measured signal.
The amplitude of the 4p transition did not vary monotonically as a function
of B. Instead, it increased with the applied magnetic field, reaching saturation
above 0.1 T (see Fig. 3). Such behavior can be modeled as the surging of
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Figure 2: a) 4-probe and b) 2-probe resistance of sample GS2 as a function of temperature for
different magnetic fields. The resistance has been normalized by its value in 8 K for clarity.
The sample was measured as the cartoon in fig. 1, with SC outermost electrodes and the
magnetic field applied parallel to the graphene planes.
a low-resistance channel operating in parallel to graphite below Tc, followed
by its suppression by magnetic fields. The equivalent circuit is represented
as a cartoon in Fig. 3. In it, the low resistance channel created below the
critical temperature acts as a shunt resistor, which carries a fraction Is of the
total electrical current I0 applied to the system . Assuming that R4p senses
mostly the dissipative channel of graphite, the measured resistance drop below
Tc (∆R4p = ∆V4p/I0) becomes, then, proportional to the product between the
shunted current and the pristine HOPG resistance R at a given temperature:
∆R4p ≡ R4p(T > Tc)−R4p(T < Tc) = Rpristine(T = Tc)
Is
I0
, (1)
Where R4p(T ) relates to the measured voltage as V4p(T )/I0, I0 constant.
Above Tc, the resistance of the pristine sample should be the same as R4p,
as the low resistance channel ceases to exist (Is = 0). Taking the the R(T )
behavior of pristine graphite as almost T-independent below 7 K (see Fig. 1),
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the expression above can be approximated as
∆R4p
R4p(T > Tc)
=
Is
I0
∝ Is. (2)
The increase of Is with B for B < 0.1 T can be understood qualitatively
by the circuit shown in Fig. 3, assuming the low resistive channel Rs ≪ R
independent of B in this field range and that Is is limited by some interface
resistance r. In this case ∆R4p/R4p(T > Tc) ≈ 3R/(3R+ 2r), which describes
well the experimental data, with R ∝ B1.2 the typical magnetoresistance of
graphite and r constant [11].
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Figure 3: Normalized (open symbols, left axis) and unormalized (right axis, closed symbols)
amplitude of the 4p partial transition as a function of the magnetic field for the device GS2.
The dashed and solid lines are functions of the type y = αR/(r +R) and y = βexp(−B/B0),
respectively, with R = (35 + 6.7× 104B1.2) mΩ, r = 100 mΩ and B0 = 0.13 T. The cartoon
represents the proposed equivalent circuit for the sample. Below Tc a low resistance channel
Rs forms, carrying a fraction Is of the total applied current I0. This results in a step of
amplitude ∆R4p = ∆V/I0 = R× Is/I0, where R is the sample resistance just above Tc.
At high magnetic fields, on the other hand, the decay observed for Is sug-
gests a progressive suppression of the low resistance channel in graphite by
B. At this field range, Is has the functional form Is ∝ exp(−B/B0). This is
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the same dependency expected for the critical current density through a thick
superconductor-metal-superconductor Josephson junction with increasing mag-
netic fields [29], further suggesting the 4p transition as a proximity-induced
feature in our system. The characteristic magnetic field B0 ≈ 0.13 T practically
coincides with the critical magnetic field Bcr ≈ 0.11 T in the superconductor
(or Bose metal) - insulator transition scaling analysis, see e. g. Ref.[13] and
refs. therein.
Although the amplitude of the 4p anomaly did not change monotonically
with T, the temperature in which it occurred was displaced by the presence of
magnetic fields according to the empirical expression
B(T) = Bc (1− T/Tc(B = 0)) , (3)
which correlates the transition temperature Tc with the applied field B. In the
equation, Bc corresponds to the critical magnetic field at T = 0 K.
The B(T) diagrams for sample GS1 are shown in Fig. 4. They revealed that
the 4p feature was contained within the boundaries of the region imposed by the
2p transition, suggesting the manifestation of the former as a consequence of the
latter. Indeed, both 2p and 4p measurements revealed two transitions occurring
in close proximity, which can be linked to the existence of two phases in the
SC electrodes, with similar Tc’s (see the suppl. material). The persistance
of such signature in 4p measurements suggests that the suppression of the 4p
transition by magnetic fields is not governed mainly by the destruction of the
low resistance channel induced in graphite, but rather due to the suppression of
superconductivity at the current electrodes [30].
In particular, we did not observe any changes in the B vs. T diagram for the
4p transition when rotating the magnetic field relative to the sample’s c-axis (see
the suppl. material). Such result reinforces the hypothesis of superconducting
electrodes as the objects governing the phenomenon at hand. It also suggests
that the magnetic flux through the regions of HOPG responsible for the 4p tran-
sition does not depend on the magnetic field orientation. In a highly anisotropic
system such as graphite, the latter can be explained by a low resistance channel
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confined to low-dimensional (quasi-1D or quasi-0D) sites/structures within the
sample.
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Figure 4: BxT diagram of sample GS1 for the 2p (red symbols) and 4p (black symbols)
transitions. Open and closed symbols refer to transitions extracted from the same R(T)
curve, taking place at higher and lower temperatures, respectively. The lines follow from eq.
3 using the parameters Bc and Tc(B = 0) shown in the figure. The inset shows the derivative
of the 2p and 4p resistance as a function of temperature. The maxima in such curves were
chosen as the transition temperature.
The existence of such regions would also explain the temperature depen-
dence of R4p in our devices, which did not show a continuous drop below Tc
when compared to pristine samples (see Fig. 1). Such result is at odds with
the conventional superconducting PE, in which the 4p resistance should as ξN
increases - roughly as R4p(T) ∝ R0(1−αξN ), ξN ∝ 1/T [1, 31]. Instead, these re-
sults suggests that an eventual proximity-induced state in 4p should be confined
to a fixed fraction of the sample volume, as also inferred from measurements
performed at B⊥c and B//c.
The absence of the conventional superconducting PE in our samples is fur-
ther supported by experiments in asymmetric devices with a single supercon-
ducting electrode, in which a 4p transition should also be partially observable.
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Instead, measurements in this configuration did not present any anomaly (see
Fig. 5). These results also attest against experimental artifacts due to the
distribution of electrical current in graphite, as the presence of a single super-
conducting electrode should suffice to prompt changes near at least one of the
voltage probes.
1 2 3 4 5 6 7 8 9 10
1.00
1.02
1.04
1.06
2 4 6 8 10
1.00
1.05
1.10
1.15
R
4
p
(T
)


4
p
(T
 =
 2
 K
)
T (K)
I

V
A
S



fffioflffi
 !"#$%
R
2
p
(T
&
'
(
2
p
(T
 =
 2
 K
)
T(K)
Figure 5: Normalized resistance vs. temperature for a graphite sample contacted in an asym-
metric configuration (only one superconducting electrode). Curves in the main panel show
DC measurements, performed using different electrical current polarities. The cartoon on the
bottom right illustrates how the experiment was performed. The inset shows data obtained
in the 2p configuration.
3.1. Discussion
The overall behavior of the 4p feature triggered in graphite supports the
presence of induced superconducting features in our devices in ranges above
those of the conventional superconducting PE. Its characteristics, however, do
not point towards a bulk-related phenomenon; magnetotransport measurements
indicating an effect confined to a small volumetric fraction of the sample, in
regions of reduced dimensionality.
Suitably, the occurrence of the conventional superconducting PE does not
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seem to justify the 4p transition either. As discussed previously, the lack of
features in samples with a single SC electrode, the null dependence on T, the
increasing transition amplitude with magnetic fields and the long range of the
phenomenon (up to 700 µm - 1 mm distant from the superconducting electrodes,
whereas ξN ≈ 1−2 µm [1, 9, 10, 11, 32, 33, 34]) all attest against such hypothesis.
Instead, all our results can be accounted for by considering the pre-existence
of superconducting-prone islands in graphite, consistently with previous reports
in the literature indicating localized superconducting domains in the material
[16, 12, 14, 15, 35]. In this context, the presence of superconducting leads can
act as a trigger for global coherent transport along such pre-existing channel.
We elaborate below.
We consider our sample as an array of mesoscopic superconducting regions
in a graphitic matrix, similarly to the systems reported in refs. [30, 36, 37]. The
properties of our devices can then be described by assuming the existence of two
independent transport channels in graphite operating in parallel: one by normal
carriers and a second one by Cooper pairs. Transport by cooper pairs is made
across the localized domains, whereas transport by normal carriers happens
through the normal matrix.
Pristine samples, however, showed no superconducting-like transitions, con-
sistently with most reports on the literature to date [11, 21, 17, 38, 39]. Such
observation requires that the transfer of charge from bulk graphite to the hy-
pothesized superconducting regions must be forbidden under normal conditions.
This can be justified by considering the superconducting islands in graphite as
objects with reduced dimensions (as suggested from STM, magnetization and
transport measurements in different types of pristine graphite [16, 12, 14, 15, 27],
as well as inferred from our measurements) that are embedded in a quasi-2D
electron gas with low conductance.
Indeed, considering the typical 4p sample resistance around 5 mΩ (see Fig. 1)
and assuming a homogeneous current distribution across the sample volume, our
devices showed a conductance per graphene layer of the order σL ≈ 4.6× 10
−4
S ≈ 6G0, G0 = 2e
2/h. In this case, our system could be roughly described as an
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array of superconducting islands at T ≪ Tc, embedded in a quasi-2D electron
gas (2DEG) with local conductance close to the conductance quantum, similar
to a graphene film decorated with superconductors near the charge neutrality
point [30]. Under such conditions, the Coulomb blockade impeding the intro-
duction of carriers into the superconducting islands is expected to decrease with
the conductivity of the 2DEG, following exp(−pi2GD/8), GD the conductance
of the metallic matrix [40, 41]. Such enhanced Coulomb blockade at low conduc-
tances (approaching a few kilo Ohms) can lead to a weak charge quantization in
the superconducting grains, forbidding charge transfer to the superconducting
regions. This phenomenon effectively disables the superconducting channel in
the material by fixing the number of cooper pairs in the system (∆N = 0), which
results in large phase fluctuations destroying the macroscopic superconducting
order [40].
However, the introduction of superconducting leads in the sample acts as
a reservoir of cooper pairs, which is not restricted to such weak quantization.
Cooper pairs injected in graphite from the reservoir bypass the weak quanti-
zation constraint, effectively delocalizing carriers (∆N 6= 0) and re-enabling
transport by this network of superconducting islands - thus resulting in the
observed behavior in 4p measurements.
The proposed hypothesis also accounts for the qualitatively different 4p be-
haviors observed in different samples (sharp increases or decreases of the 4p
sample resistance below Tc, see Figs. 1 and the supplementary information),
as well as for the scaling magnetic field B0 ≈ 0.13 T obtained in Fig. 3 (see
the associated discussion). In the latter, the distance between superconducting
regions estimated from B0 (d ≈ 100 nm) is now justified by considering the
effects of magnetic fields on the interaction between superconducting grains in
graphite, rather than on a macroscopic weak link between the two superconduc-
ting electrodes in the device. Random in nature, such grains are to present a
sample-dependent distribution. Hinging on their size and coupling, the network
formed by these grains can act as a low- or a high-resistance channel for carriers,
akin to observations in homogeneous and highly granular superconducting thin
12
films, respectively [42].
Candidates for the low-dimensional regions susceptible to superconducting
excitations discussed above have already been experimentally observed in graphite.
They are characterized as 1-D edge states caused by the broken symmetry of a
semi-infinite hexagonal lattice, and reside along zig-zag boundaries of crystal-
lites [43, 44, 45]. These are commonly spread across the surface of graphite, are
randomly spaced at submicrometric scales, and present one-dimensional gap-
less flat-band modes with a singular density of states at Fermi level. Such
dispersion-less spectrum is expected to harbor unusual superconducting insta-
bilities and is currently a topic of interest interest due to its association with
superconductivity in twisted graphene multilayers [46, 47, 48, 18].
Although observed in graphite, such states have been recently predicted to
be an universal characteristic of topologically trivial Dirac materials. They are
expected to take place at sample edges or crystal hinges, to survive the pres-
ence of magnetic fields, and to be associated with the presence of a bulk Dirac
dispersion in a finite lattice. Their predicted ballistic character makes them
robust against disorder, resulting in hundredths-fold enhancement of carriers
mean-free-paths in relation to bulk [49]. Such enlarged ranges ensures that
such regions act as single grains, even though their dimensions might be large.
If these states would indeed be associated to the transition observed in the
present work, a reproduction of our experiments using other Dirac systems in
lieu of HOPG should yield similar results. We leave such task for a future work.
Alternatively, the presence of robust ballistic surface states in Dirac systems
can also be held accountable for our results through a phenomenon of long-range
“phase coherence”, expected to occur due to spatial quantization in ballistic S-
N-S junctions (see, e.g. [8]). In this scenario, the PE is predicted to survive
over distances hundredths of times larger than ξN .
Indeed, it has been shown by Kulik [8] that because of the spatial quanti-
zation of quasi-particle spectrum in the normal conductor (metal, semimetal,
semiconductor), the superconducting currents in a junction contain a compo-
nent that does not decay exponentially with the distance. T. M. Klapwijk et al.
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showed that this “excess current” in S-N-S structures originates from multiple
Andreev reflections (MAR) between two superconductors [7], as well as that su-
percurrents associated with MAR-induced superconductivity can be much big-
ger than those associated with the conventional PE (see also, e. g. [50, 51, 52]
and refs. therein). Putting this in other way around, multiple Andreev reflec-
tions can carry supercurrents across a clean enough S-N-S junctions without an
assistance from the conventional proximity effect. This or similar phenomena
have been demonstrated in a number of experiments (e.g. [6, 53, 54]).
Such hypothesis also accounts for the lack of 4p transitions in samples with
a single superconducting electrode, as well as for the strong sample dependency
observed (see the suppl. material). For the latter, we recall that HOPG is a
highly oriented polycrystal, in which the exact spatial distribution and coupling
between grain boundary states vary from sample to sample. Depending on these
parameters (and on the existence of a percolating path across the sample surface
or bulk), 1D channels affected by the proximity effect can act either as low- or
high-resistance states, akin to observations in highly granular superconducting
thin films [36, 37, 55].
In short, we demonstrated the induction of a macroscopic, long-range su-
perconducting - like proximity effect in bulk graphite outfitted with supercon-
ducting current leads. The phenomenon manifests as resistive transitions in
4p transport measurements, which were taken 700 µm - 1 mm away from the
superconducting electrodes (much above ξN ≈ 1 − 2 µm). Its suppression is
mainly related to the breakdown of superconductivity at the current probes,
thus suggesting that an unconventional superconducting proximity effect is at
play. Our work supports the existence of intrinsic superconducting correlations
in low dimensional, localized regions of pristine graphite. We consider edge
states as possible candidates for such regions which are highly robust and al-
ways present on the surface of real samples. Such surface states are predicted
to be an universal property of Dirac materials. As such, we expect other bulk
Dirac materials (e.g. SnSe [56]) to present the same features reported here.
Our observations open routes towards surface-based electronic circuitry in bulk
14
materials regardless of their volumetric conductivity.
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